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Abstract. Failure of oil and gas pipelines can often be catastrophic, therefore routine inspection for time dependent 
degradation is essential. In-line inspection is the most common method used; however, this requires the insertion and 
retrieval of an inspection tool that is propelled by the fluid in the pipe and risks becoming stuck, so alternative methods 
must often be employed. This work investigates the applicability of a non-destructive evaluation technique for both the 
detection and growth monitoring of defects, particularly corrosion under insulation. This relies on injecting an electric 
current along the pipe and indirectly measuring the deflection of current around defects from perturbations in the orthogonal 
components of the induced magnetic flux density. An array of three orthogonally oriented anisotropic magnetoresistive 
sensors has been used to measure the magnetic flux density surrounding a 6’’ schedule-40 steel pipe carrying 2 A quasi-
DC axial current. A finite element model has been developed that predicts the perturbations in magnetic flux density caused 
by current deflection which has been validated by experimental results. Measurements of the magnetic flux density at 
50 mm lift-off from the pipe surface are stable and repeatable to the order of 100 pT which suggests that defect detection 
or monitoring growth of corrosion-type defects may be possible with a feasible magnitude of injected current. Magnetic 
signals are additionally incurred by changes in the wall thickness of the pipe due to manufacturing tolerances, and material 
property variations. If a monitoring scheme using baseline subtraction is employed then the sensitivity to defects can be 
improved while avoiding false calls. 
INTRODUCTION 
Oil spills and gas leaks can result in catastrophic environmental damage, huge financial costs and loss of life, 
therefore quantifying and maintaining the structural health of pipelines is of paramount importance if failure is to be 
prevented. There are many Non-Destructive Evaluation (NDE) methods which can achieve this by detecting and 
monitoring defects such as cracking or corrosion. One of the most common ways to inspect long stretches of pipelines 
is via In-Line Inspection (ILI) which utilizes “smart pigs” - devices containing NDE sensors that are passed through 
the pipeline. There are several limitations and drawbacks to ILI including the requirement of launching and catching 
mechanisms built into the pipeline; the dimensions of the pig must be tailored to the inspection of a particular pipe 
diameter; sharp bends in the pipe can disrupt the passage of the pig; the devices themselves are expensive to produce; 
and, if a pig becomes stuck in a pipeline, it is extremely costly and time consuming to find and remove it due to loss 
of production [1]. For these reasons, there are many stretches of pipeline in which ILI is unsuitable. 
Alternative NDE methods exist that are capable of inspecting or monitoring a pipe for damage externally, however 
no such method is efficient as ILI. Ultrasonic guided waves are capable of travelling a distance of up to 50 m from the 
transducer array and aim for detection of corrosion that removes 5% of the cross sectional area over this range. The 
sensitivity is decreased at areas where sharp bends or unusual pipe features exist [2-3]. Spot ultrasonic thickness 
measurements are accurate but very localized. Eddy current methods such as Pulsed Eddy Current (PEC) lose 
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sensitivity rapidly when the lift-off (the distance between the sensor and the pipe surface) exceeds a few 
millimeters [4]. Contact or low lift-off techniques such as the aforementioned warrant the undesirable requirement to 
strip the pipe of its insulation coating to apply the sensor or transducer array. Magnetic methods such as the Metal 
Magnetic Memory (MMM) and Magnetic Tomography (MT) [5] methods face potential false calls due to the 
complexity of the underlying physics of the techniques [6]. In this paper, a current deflection method is proposed for 
the inspection and Structural Health Monitoring (SHM) of pipeline corrosion by measuring the induced magnetic field 
surrounding a pipe carrying a galvanically injected current. The technique resembles the ACFM [7] method in that 
the geometry of the conductor affects the current distribution which is indirectly measured; however, there are notable 
differences in the current frequency and injection mechanism which result in different characteristics of the technique. 
In this technique, a quasi-DC current can be galvanically injected rather than a high frequency current being induced 
as is common with ACFM [7]. In this respect, the technique could be considered a hybrid of ACFM, ACPD and 
DCPD [8]. This method has the potential to function at a greater lift-off distance from the pipe than existing techniques 
therefore its potential for the detection and monitoring of Corrosion Under Insulation (CUI) is being researched. Finite 
Element (FE) simulations and results from experimental studies are being used to analyze whether defect detection or 
grown monitoring is possible given inherent variations in a pipe geometry, material properties and environmental 
conditions. 
MEASUREMENT PRINCIPLE 
 As an electric current flows axially along a defect-free pipe it induces an azimuthal magnetic field. Upon the 
presence of a defect, a deviation in the current direction will occur as the path of least electrical resistance is chosen. 
The clockwise and counter-clockwise rotations of the current around the defect edges induce radial and axial 
components of the magnetic field near the defect. A reduction in the volume of conducing material at the defect 
reduces the amount of current at this point which results in a minimum in the azimuthal magnetic field directly above 
the defect, and maxima at the defect edges. These effects are demonstrated in Fig. 1 for the geometry of a flat plate 
with a circular defect. The detection and growth monitoring of defects can therefore be achieved by positioning 
magnetic sensors near the defect and measuring spatial or temporal changes in the three orthogonal components of the 
magnetic flux density. 
 
 
(a) 
  
                                                          (b)                     (c) 
FIGURE 1. Measurement principle of a current field method. (a) The induced magnetic flux density that occurs as a result of 
current distortion around a corrosion patch in a plate. The profiles of the (b) x and (c) y components of the flux density that result 
along the dotted line in (a). The filled circle loci on the graphs that mark the defect edges, and the open circles marking the defect 
center and points far from the defect. 
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The magnetic signals arising from current deflection are small in comparison to the geomagnetic field; however, by 
using an alternating rather than direct current, phase sensitive detection becomes possible which can effectively 
eliminate DC noise sources and greatly improve the sensitivity. The electromagnetic skin effect is described by 
 
 VPSG f
1  (1) 
where δ, f, μ, σ are the skin depth, frequency of current, conductivity and magnetic permeability respectively [9]. This 
equation dictates the depth of penetration of an alternating current into a conductor. It is advantageous to have a current 
flow throughout the entire volume of the conductor so that deflection can occur from defects located anywhere 
throughout the pipe wall. In ferromagnetic materials, μ is strongly inhomogeneous, therefore to achieve uniform 
current distribution a current frequency must be chosen such that δ is much larger than the thickness of the conductor 
so variations in the magnetic properties of the material do not affect the current distribution and the measured magnetic 
signal is only due to the geometry of the pipe. 
CURRENT DEFLECTION SIGNAL PREDICTIONS 
An FE model has been created using COMSOL [10] in order to predict the magnetic signals resulting from current 
deflection. As corrosion is the most common cause of pipeline failure, a concave defect with a diameter three times 
the wall thickness T, was placed in the outer wall of a six-inch schedule 40 steel pipe. The model geometry parameters 
are shown in Table 1. The radial, axial and azimuthal components of the magnetic flux density were predicted on a 
cylindrical surface coaxial with the pipe with a radius equal to the pipe outer radius plus the lift-off of interest, as 
shown in Fig. 2. The peak-to-peak values of the perturbations in the magnetic flux density due to the deflection of a 
2 A (RMS) current flowing through the pipe were found on this surface during a parametric study of both lift-off 
distance and defect depth The results are shown in Fig. 3 (a) and (b) respectively. In both cases, the peak-to-peak 
magnetic flux density has been plotted on a decibel scale. Figure 3 (a) is normalized to the signal at the pipe surface, 
and Fig. 3 (b) to the signal from a full wall thickness defect. The FE simulations were run in quasi-DC mode by finding 
the stationary solutions of Maxwell’s equations. For the pipe geometry modelled, this assumption is valid providing 
the inspection frequency is lower than 12 Hz in carbon steel and 3.5 kHz in non-magnetic austenitic steel such that 
the current distribution is only affected by the geometry of the conductor and not limited by the electromagnetic skin 
effect. 
The magnetic flux density profiles in Fig. 3 (a) exhibit a sharp drop in amplitude of approximately 55 dB for an 
increase in lift-off of 30 mm from the 6’’ pipe. The amplitude then further decreases by approximately 20 dB in the 
following 130 mm lift-off. The abrupt change in gradient at 30 mm is due to the perturbation in magnetic flux density 
consisting of near and far field components that decay in amplitude with lift-off at different rates, and at this distance 
they have equal amplitude. For 2 A of current the absolute values of the peak-to-peak amplitude of the radial, axial 
and azimuthal magnetic flux perturbations are 297 nT, 232 nT and 270 nT respectively, dropping to 0.65 nT, 1.45 nT 
and 1.58 nT at 30 mm lift-off. These values fall within the sensitivity range of commercially available 
Magnetoresistive (MR) sensors using techniques such as phase sensitive detection [11]. This suggests that T/3 depth 
corrosion could be detectable within the first few inches of lift-off from the pipe. The FE study into increasing defect 
depth reveals that the peak-to-peak signal from a T/3 depth concave defect is 8.4 dB above that from a T/10 defect and 
3.9 dB below a T/2 defect. Whether or not a particular depth corrosion patch will be detectable will also depend on 
other factors than the depth and lift-off which should be investigated with further models, yet these studies are useful 
for determining the signal characteristics for given inspection parameters. 
 
TABLE 1. Geometry of pipe and defect used in FE model 
Parameter Value Unit 
Outer Diameter 315.6 mm 
Wall Thickness 7.11 mm 
Concave Defect Diameter 23.4 mm 
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FIGURE 2. Schematic diagram of FE model with 3T×3T concave defect in outer surface. The magnetic flux density components 
shown in blue are computed on the cylindrical surface shown outside the pipe. 
 
(a) (b) 
FIGURE 3. The peak-to-peak axial and radial components of the magnetic flux density for a concave defect of diameter 3T and 
(a) depth T/3 at varying lift-off, and (b) varying depth at 50 mm lift-off. 
EXPERIMENTAL AND DATA ANALYSIS PROCEDURES 
The magnetic flux densities were measured using an array of three orthogonally oriented AFF755B Anisotropic 
Magnetoresistive (AMR) sensors, selected for their high sensitivity, low cost, power and small size [12]. Despite the 
potential for more highly sensitive GMR or TMR sensors, the AMR selected offered improved stability and low noise 
(0.19 pT/ Hz ). The differential signal from each sensor was read using a SR830 lock-in amplifier using phase 
sensitive detection. The sensors were multiplexed and read in turn using a LABVIEW interface. The reference signal 
from the lock-in amplifier allowed a Kepco 36-6D bipolar operational power supply to produce a current of 2 A within 
the pipe at the frequency of interest. The current injection was achieved via 12 wires evenly spaced around the 
circumference of the pipe and clamped down onto the metal using a hose grip in order to decrease contact resistance. 
The wires were fed through a slip-ring to ensure that they did not get tangled following multiple pipe rotations. Both 
ends of the pipe were closed with aluminum end caps, and a stainless steel rod was positioned at the pipe center and 
held in tension to act as a return path for the current. This was implemented to avoid the need for a long wire for the 
return current path which would generate a field that could interact with that from the pipe. The addition of this rod 
also acted to suppress the otherwise large induced azimuthal component of the magnetic flux density. Before every 
experiment, a flip-pulse was applied to an integrated set/reset coil inside the sensor chips to ensure the optimization 
of the sensor performance by reorienting the magnetic domains in the AMR film and correcting for magnetic hysteresis 
[13]. 
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The position of the sensors relative to the pipe was controlled by a pitch and height adjustable plastic array holder 
with a sliding mechanism to adjust the lift-off distance. Non-ferromagnetic material was used wherever possible in 
order to avoid disturbing the induced magnetic field from the injected current. 
The sensor array holder was fixed to an aluminum linear actuator which was capable of moving the array the entire 
length of the pipe. The rotation of the pipe was handled by a worm drive connected to a stepper motor. The acquisition 
program allowed the measurement parameters to be varied including the scanning resolution, number of repetitions, 
inspection frequency and the averaging time. 
Pipes of 6-inch schedule 40 size (wall thickness 7.11 mm, outer diameter 168.4 mm) and 1.5 m length were selected 
for testing. Initial experiments were performed on an austenitic steel (grade 302) pipe, and subsequent experiments on 
a carbon steel pipe. Both welded and seamless pipes were tested. A schematic diagram of the experimental rig can be 
seen in Fig. 4. 
 
 
FIGURE 4. Schematic diagram of pipe scanning rig showing the return current path as a dotted line at the pipe axis. Pipe 
rotation and array position are controlled by stepper motors. 
RESULTS 
Stability of Measured Signal 
In order to analyze the suitability of AMR sensors for the measurement of the magnetic flux density signals, the 
temporal and spatial stability of the measured signal was quantified. Fifteen scans were completed over a 1.075 m 
measurement line along a defect-free carbon steel Electric Resistance Welded (ERW) pipe at 10 mm lift-off distance. 
The scans were taken 180° from the longitudinal weld. The 1.5 m 6’’ schedule 40 pipe carried a 2 A current at 150 mV 
and 5 Hz. The mean of all fifteen scans is shown in Fig. 5 (a). The standard error on the mean was calculated using 
SE= 15V to be 72.9 pT, 51.2 pT and 53.1 pT for the radial, axial and azimuthal components respectively across the 
whole scan length. The radial and axial components stay close to zero along the length of the pipe, due to the lack of 
any defects to perturb the current, with mean values of -400±88 pT and 99±26 pT respectively. The azimuthal 
component exhibits large gradients towards the edges of the pipe due to edge effects and settles to a value of -28 nT 
towards the center of the pipe. The solution to Ampère’s law for an infinite cylinder carrying 2 A of current yields a 
value of the induced magnetic flux density of 42.22ˆ    TT eBB
*
μT, thus the addition of the rod for the return current 
path has reduced the azimuthal flux density by three orders of magnitude at the pipe center. This azimuthal component 
is largely unimportant as it is the more stable axial and radial components that will be used for defect detection and 
monitoring, and this method of suppression of the azimuthal component is clearly not possible in the field. 
In order to analyze the temporal stability of the signal, measurements of each magnetic flux density component 
half way along the steel pipe (Z=0.75 m) were recorded at a fixed position for 87 hours, as shown in Fig. 5 (b). There 
was a modest temperature variation of 5.4°C during the daily cycle which was not apparent in the measured signal. 
With an averaging time of 5 seconds and an injected current of 2 A at 120 Hz, the standard deviation of the radial, 
axial and azimuthal magnetic flux densities were 106 pT, 99 pT and 111 pT respectively. The chosen inspection 
frequency should always be far from the mains (line) frequency (50 Hz in the UK or 60 Hz US/Canada) to avoid 
electromagnetic interference reducing the signal to noise ratio. The lack of any drift in the measurement implies that 
the use of a flip-pulse through the set/reset coil which is sometimes required to reset hysteresis in MR sensors is not a 
requirement in the lab environment. In further tests it was revealed that the use of the flip-pulse was only necessitated 
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when a strong permanent magnet was brought close to the sensor, and the sensors were not saturated by the induced 
fields from 2 A current in the lift-off range of interest. In an industrial environment it is likely that a flip-pulse in the 
set/reset coil will be utilized periodically to reset magnetic domain orientation in the sensor and correct for a drifting 
offset voltage with temperature as variations in the environmental conditions would be much more extreme than in 
the lab [13].  
 
(a) (b) 
FIGURE 5. (a) Average of 15 scans along the pipe axis performed at 10 mm lift-off. (b) Measurement of magnetic flux density 
components at a fixed position over 87 hours at Z = 0.75 m. 
Validation of FE Model Using Flat Bottomed Slots 
A scan of the magnetic flux density 10 mm from an austenitic steel pipe containing three 4 mm wide milled slots 
of depth T/4, T/2 and 3T/4 was completed. The T/2 slot was located at the pipe center and the others 400 mm from 
either end of the 1.5 m pipe, and each spaced 120° apart to minimize defect interaction. Figure 6 (a) shows the radial 
component of the magnetic flux density with an overlay of the pipe geometry. The characteristic defect signal profile 
can be seen as a result of current deflection. The radial flux density deviates from zero towards the ends of the stainless 
steel pipe due to edge effects and lack of electrical contact between the aluminum end cap and the pipe end around 
the whole circumference as the pipe ends were not cut absolutely square. 
Figure 6 (b) shows a circumferential scan over the central T/2 slot at a lift-off of 10 mm using 2 A 120 Hz current. 
An FE model was run for the identical defect geometry shown by the dashed line. Spatial baseline correction was 
applied to the measured signal by subtracting the mean of two circumferential scans taken at 25 mm axially offset 
from either side of the scan above the defect. As the offset scans only measured the signal from normal pipe geometry 
variations, once subtracted from the scan over the defect, only the defect signal remained. The angular locations of 
the peaks showed good agreement to within 1%. There is an absolute amplitude discrepancy between the FE and 
experiment (peak-to-peak of 348 nT and 288 nT respectively) of around 20% that could potentially be attributed to 
the fact that the sensor sensitivities were assumed to be the mean of the range reported in the data sheet rather than 
having been calibrated using a known reference magnetic field. Small discrepancies in the lift-off, sensor orientation 
and current amplitude could also contribute to the disagreement. 
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(a) (b) 
FIGURE 6. (a) 3D scan of the radial component of the magnetic flux density at 10 mm lift-off from an austenitic pipe with three 
flat bottomed slots. (b) Comparison between the measured magnetic flux density and FE prediction from the central, T/2 slot. 
DISCUSSION 
Potential for NDT Inspection 
From measurements of a defect-free carbon steel pipe, the axial and radial components of the magnetic flux density 
remained within close to zero with a standard deviation of tens of pT suggesting that an increase in flux density 
resulting from current deflection from a 3T×3T×T/3 defect could be readily detectable in an NDT scan within the first 
few inches of lift-off with 2 A quasi-DC current as FE models suggest that the defect perturbation would be at least 
an order of magnitude higher than this. The central rod used for the current return path would not be available to 
suppress the azimuthal component if implementing current injection in an industrial setting therefore it is suggested 
that tri-axial sensors would be used to monitor all orthogonal components of the flux density and solely the radial and 
axial components be used for defect detection. It is apparent that changes in the pipe wall thickness and outer diameter 
are common in pipes which lead to a variation in the current density around the circumference. It has been revealed 
from ultrasonic thickness measurements conducted on these pipes that there is a much stronger variation in the wall 
thickness around the pipe circumference than along its axis which is manifested as an apparent variation in the radial 
component of the magnetic flux density on a defect-free pipe. In order to improve sensitivity and reduce false calls, 
spatial baseline subtraction from adjacent sensors in an array configuration is proposed as a means to correct for this 
effect. For the detection of a 3T×3T×T/3 concave defect in a 6’’ schedule 40 pipe, the measurements and FE 
predictions suggest that a current of at least 2 A quasi-DC would be required to be injected if the sensors were 
positioned 30 mm from the pipe. Further investigation is required in order to understand how to apply the technique 
to real pipes where the nominal diameter and thickness, and material properties are unlikely to be constant.  
Potential for Structural Health Monitoring 
An attractive use of the current deflection method is to monitor the growth of existing defects or the formation of 
defects at hotspots by the permanent installation of magnetic sensors outside the pipe. In order to maximize the 
sensitivity for SHM, temporal baseline subtraction is utilized. The sensor is interrogated at regular time intervals and 
the initial signal is subtracted from subsequent readings. If the residual is zero then there is no change in the metal 
geometry. If the residual is non zero after a reading, this can be attributed to the growth or appearance of a defect. The 
stability of a magnetic measurement at a fixed position using 120 Hz current and an averaging time of 5 seconds was 
of the order 100 pT. This could be improved upon with a longer averaging time. For a larger diameter carbon steel 
pipe, a lower frequency would be required for quasi-DC operation, demanding an averaging time of up to a minute.  
As an example of how the FE and experimental results presented can allow quantification of SHM performance, 
suppose the detection of a doubling of depth of a 3T×3T concave defect from T/10 to T/5 is desired by positioning 
sensors above a 50 mm thick insulation coating surrounding a 6” schedule 40 pipe. From the curve in Fig. 3(b), this 
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depth change relates to a peak-to-peak signal amplitude change of 4.1 dB so for an increase in peak-to-peak signal to 
be greater than the measured stability of 100 pT, the initial measured signal must be at least 166 pT. Comparing this 
with the absolute peak-to-peak amplitude from a T/10 defect for an injected current of 1 A (21 nT and 29 nT in radial 
and axial directions, respectively) and knowing from Ampère’s law that the induced flux density is proportional to 
magnitude of injected current, this suggests that 80 mA would be sufficient to detect such a defect, which is a feasible 
amount to inject. This quick calculation assumes that the sensor array would be positioned such that the maximum 
peak-to-peak signal resulting from a defect could be measured.  
The implications of an electric current flowing in an oil or gas pipe should also be considered. Many pipes receive 
corrosion protection from an imposed cathodic protection current (typically 0.1 A/m2 at 1 kV for subsea pipes) which 
would not be in operation during the injected current used for current deflection NDE. For the short periods of time 
that the sensor is being read, this is perfectly acceptable; however, continuous use of a high current would result in 
significant anode loss. Future research into the suitability of current deflection NDE to SHM will focus on addressing 
the issues facing the technique in the inspection and monitoring regimes such as correcting for nominal pipe geometry 
variations and material property changes, and assessing how complex pipe features and bends will affect the technique. 
CONCLUSION 
In this paper, the potential for using quasi-DC current deflection to detect and monitor defects at a significant 
lift-off from a pipe using magnetic sensors has been discussed. A flexible FE model has been validated using 
circumferential scans of induced magnetic flux density from current deflection around a flat bottomed slot. This model 
was used to determine the rate of decay of peak-to-peak induced magnetic flux density signal amplitude with lift-off 
as well as defect depth for a 3T×3T concave defect. Experimental measurements of the induced magnetic flux density 
from a current carrying pipe suggest that the baseline for defect detection is of the order of tens to hundreds of pT 
when used as either a NDT or SHM technique. A baseline at this level suggests that typical corrosion shaped defects 
could be detectable using MR sensors within a few inches when the pipe carries a few amps of current (~500 A/m2 
cross sectional area) with the possibility of galvanic injection using the cathodic protection infrastructure that exists 
on many pipelines. Further research should aim to use this FE model to allow the quantitative prediction of the 
capabilities of the technique for a number of different inspection and monitoring scenarios. 
It has been seen that perturbations in the magnetic flux density components arise from factors other than the defect 
geometry, namely wall thickness variations from the pipe manufacturing process; nearby ferromagnetic objects and 
material property variations. Future work should investigate ways to correct for these changes using methods such as 
baseline subtraction. 
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